Chronic administration of immunosuppressants has been associated with long-term consequences, including a higher risk of neoplasm development. The processes regulating telomere function exert a major influence on human cancer biology. The present study aimed to assess the effect of immunosuppressive therapy on the expression of genes associated with telomere maintenance and protection in patients following renal transplantation. A total of 51 patients that had undergone kidney transplantation and 54 healthy controls were enrolled in the study. The 51 transplant patients received a three-drug immunosuppressive regimen consisting of cyclosporine A, prednisone and mycophenolate mofetil. In stage 1 of the study, the expression profiles of 123 transcripts, which represented 70 genes, were assessed in peripheral mononuclear blood cells using an oligonucleotide microarray technique in 8 transplant recipients and 4 healthy control subjects. Among the analyzed transcripts, the expression levels of 4 differed significantly between the studied groups; however, only the ACD (adrenocortical dysplasia homolog) gene, encoding the telomere-binding protein POT1-interacting protein 1 (TPP1), was sufficiently specific for telomere homeostasis. The expression of ACD was downregulated in transplant recipients (fold change, 2.11; P=0.006). In stage 2 of the study, reverse transcription-quantitative polymerase chain reaction analysis of ACD, DKC1 and hTERT mRNA was conducted for all transplant patients and control subjects. The results confirmed the downregulation of the ACD gene in patients that had received immunosuppressive therapy (P=0.002). The results of the present study indicate that the downregulation of ACD gene transcription, and thus TPP1 protein expression, may enhance the capacity for cell immortalization, despite normal levels of other key telomere maintenance factors, in patients undergoing immunosuppressive therapy. Furthermore, the results indicate that TPP1 has potential for use as an early clinical marker and/or therapeutic target for cancer in patients following organ transplantation.
Introduction
Solid organ transplant recipients are at an elevated risk of cancer development. Compared with the general population, cancers develop more rapidly, occur earlier and metastasize more widely in this group of patients (1) . Following kidney transplantation the risk of cancer development increases 2-4-fold; thus, following cardiovascular disease, kidney transplantation is a major cause of morbidity (2) . Certain types of cancer are particularly over-represented among the transplant patient population; for example, marked increases in incidence have been observed in oncovirus-related tumors, such as Kaposi's sarcoma, skin cancer and lymphoma, which are associated with a >20-fold increase in risk. In addition, the rate of kidney malignancies is increased 15-fold in transplant patients compared with the general population (3) . Common malignancies, such as lung, ovarian, colon or gastric cancer, have an incidence that is ~2-fold higher, while the incidence of leukemia, liver, gynecological, bladder and testicular tumors increases ~5-fold following renal transplantation (3) . The increased risk of carcinogenesis observed in patients following renal transplantation is the result of conventional risk factors (genetic, immune or environmental), in addition to risk factors specific to transplant recipients (primarily immunosuppressive therapy and, in certain cases, oncogenic viruses) (1); however, immunosuppressive therapy appears to be the major factor responsible for the increased cancer incidence following transplantation (4) .
The development of cancer is a multistage process involving numerous mutations and/or chromosomal aberrations; therefore, cancer is regarded as a disease of genomic instability (5) . The majority of the genetic aberrations that are characteristic of cancer can be initiated by telomere dysfunc-tion (6, 7) . Telomeres are nucleoprotein structures that protect the ends of eukaryotic chromosomes. The formation of a telosome, which is a DNA loop structure with a number of associated proteins, including the six core factors telomeric repeat-binding factor 1 (TRF1), TRF2, telomeric repeatbinding factor 2-interacting protein 1, TERF1-interacting nuclear factor 2, protection of telomeres protein 1 (POT1) and POT1-interacting protein 1 (TPP1), protects the very end of a telomere against a DNA break, preventing chromosomal end-to-end fusions, misrepair and degradation (6, (8) (9) (10) (11) . Telomere shortening promotes genome instability, and shortened telomeres have been reported to be common and prevalent early genetic alterations in cancer initiation (12, 13) . Furthermore, the stability of telomere length determines immortalization, which is the obligatory step of cancer development (14) . In immortal cells, a balance is maintained between the loss of telomeric DNA due to degradation or incomplete replication and telomere elongation, which is performed by a DNA polymerase known as telomerase (15) . Human telomerase is composed of telomerase RNA (hTR) and a catalytic subunit, telomerase reverse transcriptase (hTERT) (16, 17) . Telomerase is believed to be strongly repressed in normal human somatic tissues, but reactivated in 85-90% of human cancer tissues (18, 19) ; however, a previous study has indicated that, even in the presence of proficient telomerase activity and normal telomere length, telomere-associated proteins have an important role in cancer (9) .
As telomere dysfunction has been implicated in leukemia and cancer development (9) (10) (11) 20) , the various factors involved in telomere maintenance may emerge as potential cancer markers and/or therapeutic targets. The identification of novel cancer markers is particularly important for patients receiving immunosuppressive therapy, as these patients are at an increased risk of cancer and require more frequent diagnostic screening for the early identification of cancer. The aim of the present study, therefore, was to assess the effect of immunosuppressive therapy on the expression of genes associated with telomere maintenance and protection in patients following renal transplantation.
Materials and methods
Study design. In order to establish the factors involved in telomere maintenance and protection that best differentiated between the cases and controls, the study was divided into two stages, as described below. The study was approved by the Bioethics Committee of the Medical University of Silesia (Katowice, Poland) in accordance with the Declaration of Helsinki regarding medical research involving human subjects. The study and its purpose were explained to each participant or their legal guardian, who gave their informed written consent.
In stage 1 of the study, the expression profiles of 123 transcripts, which represented 70 genes involved in telomere maintenance, were selected as described by Witkowska et al (21) and assessed in peripheral mononuclear blood cells (PBMCs) from representatives of the study and control groups using an oligonucleotide microarray technique (HG-U133A array; Affymetrix, Inc., Santa Clara, CA, USA).
In stage 2 of the study, reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis of the selected telomere maintenance factors was performed in all patients in the study and control groups.
Subjects.
A total of 51 kidney transplantation patients and 54 healthy control subjects were enrolled in the study. Kidney transplant recipients (35 men and 16 women; age, 48.7±6.8 years), who had undergone renal transplantation surgery an average of 9.6 years previously, were treated with a three-drug homogenic immunosuppressive regimen, consisting of cyclosporine A (CsA), prednisone and mycophenolate mofetil (MMF) or mycophenolate sodium. Doses were determined based on the patients weight, and all patients underwent serum drug concentration monitoring. Patients with an acute disease were excluded (C-reactive protein-negative). Fifty-four medication-free healthy subjects (11 men and 43 women) were selected for the control group. A total of 7 euglycemic transplant recipients (5 men and 2 women; age, 46.5±8.6 years) and 4 healthy controls (2 men and 2 women; age, 59.0±4.5 years) were selected for microarray assay analysis in stage 1 of the study.
Tissue samples. Venous blood samples were collected and stored in tubes containing EDTA, and a 7.5-ml sample from each patient was centrifuged using Ficoll-Conray density gradient centrifugation (specific gravity, 1.077) for 30 min at 350 x g (Immuno-Biological Laboratories Co., Ltd., Gunma, Japan), immediately after blood collection. A 10-ml sample was collected from patients selected for microarray assay.
RNA extraction. Total RNA was extracted from the PBMCs using TRIzol ® reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) and then treated with DNase I (MBI Fermentas; Thermo Fisher Scientific, Vilnius, Lithuania) according to the manufacturer's instructions. The quality of the extracted RNA was tested electrophoretically using ethidium bromide-stained 0.8% agarose gel. The results were analyzed and recorded using an electrophoresis documentation system (Fisher Biotec, Perth, WA, Australia) and LabImage-1D software, version 2.7.2 (Kapelan Bio-Imaging GmbH, Leipzig, Germany). The total RNA concentration was measured spectrophotometrically using the Gene Quant II RNA/DNA Calculator (Pharmacia; GE Healthcare, Cambridge, UK).
Oligonucleotide microarray analysis. The analysis of the expression profiles of 123 transcripts, which represented 70 genes (21) , was performed using commercially available oligonucleotide microarrays (HG-U133A; Affymetrix, Inc.) according to the manufacturer's instructions and the protocol previously described by Rostkowska-Nadolska et al (22) .
RT-qPCR assay. Detection of the expression of hTERT, ACD, DKC1 and GAPDH mRNA was performed using RT-qPCR with a QuantiTect ® SYBR ® Green RT-PCR kit (Qiagen, Inc., Valencia, CA, USA), according to the manufacturer's instructions, and an Opticon DNA Engine Continuous Fluorescence detector (MJ Research, Inc., Waltham, MA, USA), as described previously (23) . All samples were tested in triplicate. GAPDH levels were measured for each sample to exclude possible RT-qPCR inhibitors. Oligonucleotide primers that were specific for GAPDH (3) and hTERT (6) were selected on the basis of the published data. Oligonucleotide primers that were specific for ACD and DKC1 were designed using Primer Express™ software, version 2.0 (Applied Biosystems; Life Technologies, Foster City, CA, USA). Primers were synthesized at the Institute of Biochemistry and Biophysics Polish Academy of Sciences (Warsaw, Poland). The characteristics of the primers used for amplification are presented in Table I . The thermal profile for one-step RT-qPCR was as follows: RT at 50˚C for 30 min; denaturation at 95˚C for 15 min; and 40 cycles of 94˚C for 15 sec, 60˚C for 30 sec and 72˚C for 30 sec. A cycle threshold (Ct), which is the point at which a PCR product is detected above a fixed threshold for the first time, was determined for each sample.
A standard curve method was used to quantify the RT-qPCR results for hTERT, ACD, DKC1 and GAPDH (24, 25) . Commercially available β-actin cDNA standards (TaqMan ® DNA Template Reagent kit; Applied Biosystems) were used at 0.6, 1.2, 3.0, 6.0 and 12.0 ng/µl to simultaneously detect the expression profile of each of the target genes. For the standards, copy number values were calculated based on 1 ng DNA equaling 333 genome equivalents (Applied Biosystems). Amplification plots for each dilution of a commercially available standard template were used to determine the Ct values. Ct values were plotted against the log of the known quantity of β-actin cDNA copy numbers to generate a standard curve. The standard curves exhibited correlation coefficients of between 0.988 and 0.995, which indicated a high degree of confidence for the measurement of the copy number of molecules in each sample. Melting curve analysis was used complete each run and confirm the specificity of amplification and the absence of primer dimmers. The RT-qPCR products were separated on 6% polyacrylamide gels and visualized using silver salts.
Statistical analysis.
In stage 1 of the study (for microarray data) statistical analysis was performed using GeneSpring GX software, version 11.0 (Agilent Technologies, Inc., Santa Clara, CA, USA; unpaired t-test with asymptotic P-values corrected using the Benjamini-Hochberg multiple comparison test). RT-qPCR data obtained in stage 2 of the study are presented as the mean ± standard deviation (t-test). The normality of data distribution was assessed using the Shapiro-Wilk test. Due to abnormal distribution, data were normalized via logarithmic transformation. Additionally, results were adjusted against GAPDH levels using Relative Expression Software Tool (REST) software (26) . All calculation was performed using Statistica software, version 9.0 (StatSoft Ltd., Bedford, UK) and REST software (26) . P<0.05 was considered to indicate a statistically significant difference.
Results
Stage 1. Among the transcripts analyzed by microarray, 4 were found to exhibit significantly different expression levels between the transplant patients and control subjects (fold change, >2.0; P<0.05), as shown in Table II . The only gene directly influencing telomere maintenance that significantly differed both study and control groups was ACD. It encodes TPP1, one of the six core proteins in the telo some of the telomeric complex which expression and it was decreased in the study group. The expression of two genes involved indirectly in the regulation of telomerase transcription: TGFBR2 (encodes receptor for TGF beta) that inhibits telomerase by TGFbeta and MYC and MAP3K1gene (encodes kinase MAP1) that influence telomerase transcription by grow factors were increased in study group. Similarly, gene YWHAB that encodes protein taking part in nuclear transport telomerase complex and thus influencing telomerase activity was overexpressed.
Stage 2.
Based on the results of the stage 1 microarray analysis and current knowledge regarding the effect of immortalization factors on telomere maintenance (9, (15) (16) (17) 21) , three mRNAs were selected for RT-qPCR analysis in stage 2 of the study: i) hTERT, which encodes a catalytic subunit of telomerase and component of the hTERT complex (16); ii) ACD, also referred to as telomere binding protein TPP1, which encodes one of the six core proteins of the telosome, mediates the access of telomerase to the telomere and regulates telomerase enzymatic activity; and iii) DKC1 (dyskeratosis congenita 1 or dyskerin), a member of the small nucleolar ribonucleoprotein gene family and component of the hTR subunit complex.
The results of the REST software analysis for the hTERT, ACD and DKC1 transcripts are shown in Table III . ACD was Table I . Characteristics of primers used for amplification.
Gene
Primer sequence Amplicon length (bp) Tm (˚C) downregulated in the transplant recipient group by a mean factor of 0.684 compared with the control group, and the difference between the samples in the two groups was significant (P=0.002). The differences in the DKC1 and hTERT expression levels between the two groups were not significant (P=0.70 and P=0.38, respectively).
Discussion
As cellular immortalization plays a key role in chromosome instability and carcinogenesis, knowledge of the mechanisms of telomere dysfunction may be crucial for understanding neoplasm formation and may aid the identification of early clinical markers and/or therapeutic targets for cancer. Furthermore, the influence of major oncological risk factors following renal transplantation and the significantly enhanced incidence of malignancy in transplant patients necessitates the identification of novel cancer markers, particularly for high-risk transplant patients. The aim of the present study, therefore, was to identify a specific differential factor among those involved in cell immortalization and telomere maintenance.
Telomere length homeostasis is a complex process and involves hTR and hTERT gene amplification, regulation of hTR and hTERT transcription (mediated directly by transcription factors and indirectly by hormones and growth factors), epigenetic modulation, alternative splicing of hTERT, other post-transcriptional modulations of the primary telomerase subunits and components, regulation of the telomerase complex and hTR complex activities, translocation of those complexes, and interactions between cell cycle regulators and telosome proteins (8, 17, (27) (28) (29) . Furthermore, telomere maintenance requires the regulation of various DNA-damage response signals, including the ataxia telangiectasia mutated and ataxia telangiectasia and Rad3-related pathways, homologous recombination and non-homologous end joining (10) . In addition, a recent study has suggested that telomerase promotes cell growth via pathways that are not associated with telomere maintenance, and a subset of tumors elongate telomeres through telomerase-independent mechanisms (30) .
Due to the complexity of telomere regulation, the aim of the present study was to identify gene candidates specific to telomere biology, as well as the differential factor that had most potential for use as a candidate for testing. The study was, therefore, designed in two stages. In stage 1, differential factors were identified among 70 genes (123 transcripts) involved in telomere maintenance. The genes were selected in accordance with the method described in detail by Witkowska et al (21) . Among the analyzed transcripts, 4 were found to exhibit significantly different expression levels between the transplant patients and control subjects; however, only the ACD gene was sufficiently specific for telomere homeostasis. The ACD gene encodes TPP1, one of six core proteins in the telosome or shelterin complex that is involved in the regulation of the access of telomerase to the telomere. In addition to the ACD gene (TPP1 protein), the hTERT and DKC1 genes were selected for stage 2 of the study. Although the hTERT and DKC1 transcripts were not differential factors in stage 1, they were selected for RT-qPCR analysis due to their regulatory role in the activity of the hTERT and hTR complexes. The results of stage 2 of the study confirmed the downregulation of the ACD gene transcripts, and thus reduced expression of TPP1, in patients undergoing immunosuppressive therapy. By contrast, the expression levels of hTERT and the hTR complex component DKC1 did not differ significantly between the patient and control groups, which may additionally indicate the crucial role played by TPP1 in telomere dysfunction. TPP1 is one of the six core proteins in the telosome of the telomeric complex that are involved in the maintenance of telomere length and the protection of telomere ends. By interacting with various cell components, TPP1 serves a key function in the assembly and stabilization of this complex and mediates the access of telomerase to the telomere. The role of TPP1 in telomerase recruitment and regulation has been increasingly elucidated in the past 5 years (9) . TPP1 in the context of telomere regulation has been studied predominantly in vitro and in vivo in animal models, and there are limited human clinical studies in this field. In addition to the role of TPP1 in recruiting POT1a and POT1b to the chromosome ends and regulating the access of telomerase to the telomere (31), it has been proposed that TPP1 regulates telomerase activity at chromosome ends by direct interaction with telomerase (32, 33) . It has also been indicated that TPP1 is required for telomere elongation by telomerase (34) .
According to a recently proposed model of the mechanisms underlying the initiation and termination of telomerase-mediated telomere elongation in cancer cells, human telomerase binds TPP1 at telomeres during the S phase of the cell cycle and adds ~60 nucleotides in a single round of extension, after which the telomerase is inhibited by the CST (CTC1, STN1 and TEN1) complex (35) . The human CST complex, which has previously been shown to be involved in telomere protection and DNA metabolism, acts to inhibit telomerase activity through primer sequestration and by interacting with the telomerase processivity factor POT1-TPP1. CST compete with POT1-TPP1 for telomeric DNA, and depletion of CST allows excessive telomerase activity, promoting telomere elongation (35) .
A previous study by Nakashima et al (36) demonstrated that the combined action of telomerase inhibitor and TPP1 mutations inhibited the growth of HeLa cell lines, and the death of these cells was primarily via an apoptotic mechanism. The results of the study suggested that the inhibition of telomerase-TPP1 binding, possibly combined with moderate inhibition of the telomerase enzyme, could represent an effective anticancer therapy for the ~90% of human tumors that are telomerase-positive. Furthermore, Yang et al (37) showed in an in vitro study that enhanced TPP1 expression was significantly associated with radioresistance and increased telomere length. It was suggested that increased TPP1 expression in human colorectal cancer cells could have a protective effect on telomeres against DNA damage and confer radioresistance, and that TPP1 could represent a potential target for the radiotherapy of colorectal cancer.
Studies of mouse models with defective TPP1 expression have demonstrated the importance of the telosome in cancer and aging. It has been shown in vivo that TPP1 deletion reduces the binding of TERT to telomeres, as well as telomerase function at chromosome ends. A lack of TPP1 may lead to perinatal mortality, severe skin hyperpigmentation, defective hair follicle morphogenesis and widespread epithelial dysplasia (34) . Furthermore, conditional TPP1 inhibition may accelerate telomere shortening in the skin, which indicates that TPP1 is involved in telomere maintenance. The epithelial pathologies that can be found in TPP1-deficient mice are comparable with epithelial pathologies in human diseases associated with mutations in telomerase-related genes and the presence of dysfunctional telomeres (34) . In conclusion, the results of previous investigations into TPP1 deficiency in mouse models indicate that TPP1 performs a dual role in telomere protection and elongation, thus preserving telomere function and preventing the early onset of degenerative pathologies in mice (9, 34) .
In a human study, Augereau et al (38) compared 23 patients with newly diagnosed early-stage B-cell chronic lymphocytic leukemia (CLL) with 12 healthy donors. A significant increase in the recruitment of DNA-damage factors to the telomeres was detected, suggesting telomere dysfunction at the early stage of the disease. Notably, the presence of dysfunctional telomeres did not correlate with telomere shortening or chromatin mark deregulation, but did correlate with the downregulation of the shelterin genes ACD and TINF2. Augereau et al proposed that telomeric deprotection in the early stages of CLL is a consequence of telomere alteration, in addition to telomere shortening. The authors observed the damage that occurred at an early stage of the disease and suggested that it contributed to the early step of malignant transformation (38) .
In the present study, the gene dysregulation observed was similar to that detected by Augereau et al (38) . According to our hypothesis, the downregulation of ACD/TPP1 occurs prior to the first stage of malignant transformation, i.e. during the risk factor-enhancing immunosuppressive therapy. Immunosuppressive therapy is considered to be a major cause of increased cancer incidence following organ transplantation. A number of aspects of immunosuppressive therapy are considered risk factors, including the type of immunosuppression, the number of immunosuppressive drugs and the dose administered (4). The use of lymphocyte-depleting antibodies has been demonstrated to increase the risk of virally-induced malignancies, while lower-dose CsA regimens were associated with a reduced incidence of tumors compared with standard therapy (1) . The patients enrolled in the present study received a triple-immunosuppression scheme consisting of CsA, MMF or mycophenolate sodium and prednisone; the drugs were administered at a similar dose on the basis of the patient weight and drug serum level. Thus the study group was homogenous in case of type and dosage of taken immunosupresive therapy. The molecular mechanism of carcinogenesis in immunosuppressive therapy remains unclear. Notably, certain drugs appear to promote oncogenesis by mechanisms independent of their immunosuppressive effects (39) and are considered to be major additional risk factors for cancer development (1). Among these drugs, calcineurin inhibitors have been associated with the development of post-transplant malignancies, such as lymphoma and solid organ tumors. PBMCs from renal transplant recipients undergoing CsA therapy have been observed to exhibit a reduced ability to repair radiation-induced DNA damage (40) , which may contribute to carcinogenesis. The CsA-induced production of cytokines, such as transforming growth factor-β and/or vascular endothelial growth factor, may additionally promote carcinogenesis (39, 41, 42) .
Despite the risks associated with certain immunosuppressive drugs, others have exhibited antiproliferative activity. Mammalian target of rapamycin (mTOR) inhibitors, e.g. rapamycin, play a protective role in cancer development (43) ; however, since mTOR inhibitors were not used in the present study, their mechanism will not be expanded upon. MMF has also been demonstrated to exert a protective effect in immunosuppression regimens in population analyses performed in transplant recipients (39, 44) . Administration of MMF has been shown to result in a clear antitumor effect against leukemia and lymphoma (45, 46) and against colon and prostate carcinoma cells (47) . Additionally, MMF suppresses glycosylation and the expression of a number of adhesion molecules in solid tumor dissemination (47) , while inhibiting the adhesion of colon adenocarcinoma cells to endothelial cells (39, 48) .
In the present study the transplant patients were administered a typical but complex immunosuppression regimen comprising CsA and antiproliferative MMF with prednisone in low doses that were oncogenically neutral. The results of the present study suggest that a cumulative pro-oncogenic effect is associated with immunosuppressive therapy, in addition to protection by MMF. Furthermore, the molecular alterations may affect telomere maintenance at an early stage when, despite the stability of the telomere length and telomerase remaining at a low level, the assembly and stabilization of the telosome/shelterin protein complex is disturbed, mediating the access of telomerase to the telomere.
To the best of our knowledge, the present study provides the first evidence of the dysregulation of telomere homeostasis, in association with alterations of the telosome/shelterin complex, in patients receiving immunosuppressive therapy. The results of this study demonstrate that the downregulation of the ACD gene (TPP1 protein) may increase the capacity for cell immortalization, despite normal levels of other key telomere maintenance factors, in patients undergoing immunosuppressive therapy following renal transplantation. Future investigation into ACD/TPP1 may aid the search for early clinical markers and/or therapeutic targets for cancer in patients following organ transplantation.
